In mammals and insects, pheromones strongly influence social behaviors such as aggression and mate recognition. In Drosophila melanogaster, pheromones in the form of cuticular hydrocarbons play prominent roles in courtship. GC/MS is the primary analytical tool currently used to study Drosophila cuticular hydrocarbons. Although GC/MS is highly reproducible and sensitive, it requires that the fly be placed in a lethal solution of organic solvent, thereby impeding further behavioral studies. We present a technique for the analysis of hydrocarbons and other surface molecules from live animals by using direct analysis in real-time (DART) MS. Cuticular hydrocarbons were sampled from the surface of a restrained, awake behaving fly by using several brief, carefully controlled depressions of the abdomen with a small steel probe. DART mass spectral analysis of the probe detected ions with mass-to-charge ratio (m/z) of the protonated molecule corresponding to many of the previously identified unsaturated hydrocarbons. Six additional cuticular hydrocarbons also were identified. Consistent with previous GC/MS studies, male and female differences in chemical composition were evident. Spatial differences in the expression profile also were observed on males. Sampling from an individual female first as a virgin and then 45 and 90 min after successful copulation showed that mass signals likely to correspond to cis-vaccenyl acetate, tricosene, and pentacosene increased in relative intensity after courtship. This method provides near-instantaneous analysis of an individual animal's chemical profile in parallel with behavioral studies and could be extended to other models of pheromone-mediated behavior.
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behavior ͉ cis-vaccenyl acetate ͉ courtship ͉ pheromones ͉ Drosophila A number of volatile chemical signals have been shown in mammals and insects to have profound effects on complex social behaviors such as mate choice (1), kin recognition (2, 3), aggression (4) , and aggregation (5) . In insects and other arthropods, these signals, many of which are cuticular hydrocarbons, can designate individual roles in social networks in addition to inf luencing courtship, colony recognition, and aggression (6, 7) . In Drosophila melanogaster, several studies have documented the role of hydrocarbons as aphrodisiacs (8 -11) or antiaphrodisiacs (11) (12) (13) . In particular, much focus has been placed on the molecule z-11-octadecenyl acetate [cis-vaccenyl acetate (cVA)] which serves both as a mediator of mate recognition (14 -16) and an aggregation factor (8, 9, 14, (17) (18) (19) . Elucidation of pheromone receptors and the upstream neural pathways has provided a means for delineating the circuitry of complex social behaviors by allowing information f low to be followed from sensory input to motor output (17, 18, 20 -23) .
The primary method that has been used to characterize hydrocarbons in insects is GC combined with MS (7). Analysis by GC/MS allows quantitation of hydrocarbon content in addition to resolution of individual isomers. Although highly reproducible and sensitive, the method has three limitations. First, the extraction procedure involves placing the animal in hexane or chloroform. These conditions result in lethality and thereby impede further behavioral studies. Second, the solvent and detection conditions are selective for a subset of surface compounds; as a result, other behaviorally relevant cuticular cues may be undetected by using the current protocols. Third, GC/MS analysis can be time-consuming, with typical analysis times ranging from tens of minutes to Ͼ1 h.
To address these limitations, we present a method for the analysis of cuticular hydrocarbons and other surface molecules from an awake behaving f ly. Ambient MS is a recent technological development that allows mass-to-charge ratio (m/z) measurement with minimal sample preparation (24) . One form of ambient MS, direct analysis in real time (DART), uses excited-state helium atoms to desorb and ionize compounds from the surface of the sample directly into the analyzer without the need for chemical extraction or high-vacuum conditions (25) (26) (27) (28) . The use of DART MS to examine D. melanogaster hydrocarbons improves on previous GC/MSbased techniques by providing rapid analysis of an individual animal's chemical profile while allowing behavioral studies to be performed in-parallel. The ability to track changes in chemical profile before and after social interactions in the same animal provides a control for individual variation of cuticular hydrocarbon expression, which can be significant (29) , and also may reveal chemical signatures that could be correlated with behavioral differences observed in individual animals. Using DART MS analysis, it was possible to chemically profile the surface of living f lies with high reproducibility, detect differences in male vs. female profiles, detect spatial specificity of male hydrocarbon expression, and monitor hydrocarbon changes in the same individual before and after social interaction.
Results
Initial experiments addressed whether the abundance and chemical properties of hydrocarbons on the surface of a single fruit f ly allowed detection by DART MS. Stainless-steel forceps were first used to hold an individual f ly in the heated helium metastable stream. A robust chemical profile could be obtained with this method (Fig. 1A) . Signals with m/z values matching the calculated m/z values of the protonated molecules (MH ϩ ) of many of the hydrocarbons previously characterized by GC/MS were detected (Table 1) . However, this treatment almost always resulted in severe damage to the f ly or lethality. Fortuitously, it was observed that the stainlesssteel forceps used to handle the f ly provided high-intensity signals, with a profile that showed all of the identified hydrocarbon signals detected on the intact f ly (Fig. 1B) . Moreover, the relative intensities of these signals to each other also were consistent between the two sampling methods. An attempt was made to sample hydrocarbons from the f ly by using alternate surfaces such as a glass capillary tube and filter paper; however, the metal surface produced the greatest signal strength.
Based on these initial observations, a method was devised for immobilizing and sampling from individual animals with a metal probe that would allow assessment of the chemical profile of the f ly in a reproducible and anatomically consistent manner with minimal trauma [ Fig. 2A and supporting information (SI) Movie S1]. In all of the following experiments, 4-to 5-day-old socially naïve CantonS f lies were used. The f ly was probed in the same region with three sampling bouts by using a metal pin guided by a micromanipulator. Each bout consisting of 60 gentle displacements with the micromanipulator to move the pin forward 500 -750 m each time. The pin then was removed from the micromanipulator and placed in the DART helium-metastable source. The mass spectra from each of the three sampling bouts (180 displacements total) were averaged together to produce an overall profile. There was little overall variation observed from bout to bout from the same f ly ( Fig.  S1 and Table S1 ).
Profiling of Male and Female Flies.
To compare cuticular hydrocarbon analysis by GC/MS to DART ionization, we first analyzed the chemical profile of individually isolated wild-type D. melanogaster males and females. The averaged mass spectra from a socially isolated virgin female and virgin male f ly measured with this method are shown in Fig. 2 B and C. The identity of the ions is assigned when the observed m/z of the protonated species is within Ϯ 0.005 of the calculated value ( Table 2 ). The relative intensities of the detected ions corresponding to the major hydrocarbon species in females and males are plotted as a histogram (Fig. 2D) . In contrast to analysis by GC/MS, it is not possible to resolve individual isomers with DART-MS; therefore, each ion signal for a hydrocarbon species corresponds to the total signal from all isomers. Despite this difference, DART profiles are consistent with many of the previous findings with GC/MS (6, 9, 30, 31) . Both methods show that the male profile is less complex than that of the female, with males expressing shorter chain unsaturated hydrocarbons and females expressing longer chain hydrocarbons with varying degrees of saturation. In the male profile, the most prominent ions observed correspond to tricosene and pentacosene (n ϭ 11). A signal for the pheromone cVA is also detected in males but not in females. In females, the ions with the greatest intensity correspond to pentacosene and heptacosadiene, although the intensity ratios of these two hydrocarbons relative to each other varied between f lies (n ϭ 10). Interestingly, the overall signal intensity from males was lower than that of females. There was more variation in overall profiles when comparing f ly to f ly in both males and females with regard to content and relative intensity ratios of the detected ions (Fig. S2) . It is unclear whether the observed differences are caused by natural individual variation, sampling differences that may be less reliable for lowabundance species or regional differences in hydrocarbon In several samples, two of these hydrocarbons (octadecadiene and eicosadiene) were found in males (Fig. S2) . Ions representing higher-molecularweight triglycerides also could occasionally be observed in both males (Fig. S2 H) and females (data not shown). There were no observed sex-specific differences in the triglyceride profile.
Spatial Profiling of Individual Flies. DART MS was used to address whether there are spatial differences in the expression of hydrocarbons by comparing the profiles of individual male f lies probed on the lateral thorax vs. the anal-genital region. The signal for cVA was consistently greater from the analgenital region than the thorax, although the magnitude of this difference varied between f lies (n ϭ 3; Fig. 3 ). These results indicate that a higher concentration of cVA is expressed in the anal-genital region, likely near the tip of the ejaculatory bulb (32) . No significant spatial differences in hydrocarbon expression were found when female virgins were profiled (data not shown).
Monitoring Chemical Profile Changes in the Same Individual Before and After Courtship. Hydrocarbon expression has been shown to change dramatically after courtship (6, 10, 12, 15) . To determine whether these changes could be detected by using DART MS in the same animal, individual female f lies were sampled before and at two time points after successful copulation. Consistent with GC/MS studies, changes in the intensity of the peaks representing the ions with m/z values corresponding to the protonated cVA, tricosene, and pentacosene relative to the levels of other hydrocarbons were apparent after copulation at 45 min and persisted until at least 90 min after initiation (n ϭ 4; Fig. 4 and Table 3 ). The relative intensity of peaks representing other ions in the profile remained similar before and after courtship, indicating that the change observed is likely correlated with copulation and not caused by variation from position effects.
Discussion
Numerous studies have shown the importance of pheromones in shaping behavioral responses and organizing social structures in mammals and insects. Identifying the chemical signals underlying these interactions in addition to correlating the timing of changes in these signals with changes in behavior provides several technical challenges because of issues of detection sensitivity and the disruption of natural behavior. Previous studies of real-time biochemical analysis in conjunction with behavior only took place in mammalian systems where the quantity of analyte was substantial and the size of the brain facilitated implantation of probes used for in situ monitoring of neurotransmitters (33, 34) . In this article, we show that biochemical analysis of the fruit f ly in parallel with behavior is possible. Although every attempt was made to minimize trauma to the f ly, it must be acknowledged that vacuum suspension and repetitive probing are nevertheless highly invasive and unnatural conditions for the animal. Nevertheless, both the profile of hydrocarbons on male and female virgin f lies and changes in profile observed on mated female f lies were consistent with previous reports of hydrocarbon content measured by GC/MS. Moreover, despite the manipulations, the f lies were still capable and interested in behavioral interactions. Thus, it may be concluded that neither the mechanical probing nor additional stress grossly altered the chemical profile of the f ly. Using a different ionization source provided the advantages of potential new biomolecule discovery, increased spatial resolution, improved sensitivity, and greater time resolution. Analysis by DART MS resulted in the identification of six In contrast, shorter chain hydrocarbons were detected primarily on the male fly profile, namely cVA, tricosene (peak 8), and pentacosene (peak 10). Numbers in the histogram correspond to the peak labels used in the spectra.
hydrocarbons found on the surface of the fruit f ly, several of which were found consistently only on the surface of the female. Moreover, in certain samples, ions with m/z values matching triglycerides also were observed simultaneously with hydrocarbons. These features of DART MS offer possible candidate molecules that may be used in conspecific communication. This method also showed spatial variation in cVA expression on the male f ly, with a higher intensity signal found on the rear than on the thorax. Interestingly, variation in cVA signal intensity between individuals was observed despite consistent placement of the probe. The possibility that a smaller diameter probe may reduce this variation should be addressed in future studies although initial experiments with pins 0.15 mm in diameter provided little signal, likely caused by inadequate probe surface area. If differences in hydrocarbon quantities are the product of natural variation, it is intriguing to consider that individual levels of cVA may inf luence the mating choice of females by possibly serving as one indicator of overall fitness. Future analytical refinements include the addition of a standard to either the f ly or the metal probe to facilitate quantitation and coupling the DART interface with a detector capable of tandem MS to allow structural elucidation and characterization of novel molecules. With these improvements, this rapid sampling method presents the possibility for behavioral MS analysis where dynamic changes in chemical profile may be monitored in parallel with behavior. Table 2 . The calculated and observed m/z of each of the labeled ions observed in the spectra shown in Fig. 2 
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Fly Stocks. CantonS flies were isolated in the pupal stage and individually placed in glass culture tubes (16 ϫ 100 mm; VWR Scientific) filled with 2 ml of standard fly food. The flies were raised for 4 -5 days at 25°C on a standard 12-h light/dark cycle before analysis. Before analysis, the flies were anesthetized by placing the isolation vial in a container of ice-cold water for Ϸ1 min.
Sample Preparation for DART MS Analysis. Individual flies were first anesthetized by placing the culture tube briefly in ice. The fly was removed from the tube, positioned on filter paper, and immobilized on the dorsal surface of the thorax by a gel loading pipette tip (10 l volume; 0.5 mm diameter; Fisher Scientific) attached to a vacuum source (gel dryer vacuum system; Fisher Biotech). If any limbs or wings were caught in the vacuum, the fly was discarded. Once a vacuum seal was established on the surface of the fly, the vacuum line with the attached fly was placed in a micromanipulator (Leitz) with the posterior end of the fly oriented toward a second micromanipulator holding a nickel-plated brass sewing pin (size 17, length 1.0625 in; Dritz). The pin was guided toward the anal-genital region and monitored visually under ϫ7 magnification. The fly was probed in the same region with three sampling bouts, each bout consisting of 60 gentle displacements, by using the micromanipulator to move the pin forward 500 -750 m each time. The pin then was removed from the micromanipulator and placed in the DART helium source. The mass spectra from each of the three sampling bouts (180 displacements total) were averaged together to produce an overall profile.
Courtship Assay. Four-to 5-day-old socially isolated virgin male and female flies were used in the courtship assays. Immediately before the courtship assay, an initial averaged DART MS profile of the cuticular surface of the female was obtained as described. After analysis, the female was returned to the original isolation vial. A male fly was then placed in the same vial. Forty-five minutes after successful copulation, the tube was placed on ice, and the female was removed, immobilized, and analyzed. Subsequently, the female was returned to a fresh isolation vial that did not contain a male fly. The female was profiled again 90 min after the first copulation event.
DART MS. Mass spectrometer. The atmospheric pressure ionization time-offlight mass spectrometer (AccuTOF-DART; JEOL USA, Inc.) was equipped with a DART interface and operated in positive-ion mode at a resolving power of 6,000 (FWHM definition). Mass spectra were stored at a rate of one spectrum per s with an acquired m/z range of 60 to 1,000. Calibration for exact mass measurements was accomplished by acquiring a mass spectrum of polyethylene glycol (average molecular weight 600) as an external reference standard in every data file. DART ion source. The DART interface was operated in positive-ion mode with helium gas with the gas heater set to 300°C. The glow discharge needle potential was set to 3.5 kV. Electrode 1 was set to ϩ150 V, and electrode 2 (grid) was set to ϩ250 V. It should be noted that protonated molecules are observed because all of the molecules detected by this method contain a heteroatom or at least one site of unsaturation. Protonation is not observed for DART analysis of saturated hydrocarbons, although molecular radical cations may be observed for these compounds under certain conditions. 
